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Abstract

Background: The aim of this study was that to compare clinical results between the rounded rectangular femoral
tunnel ACL reconstruction (RFTR) and the conventional round femoral tunnel ACL reconstruction using a hamstring
tendon. The hypothesis was that ACL reconstruction performed using the rounded rectangular dilator technique
was better than that performed using the conventional round femoral tunnel technique in terms of clinical results
and bone tunnel enlargement.

Methods: We conducted retrospective study. After exclusions, 40 patients were included in the conventional
anatomical single-bundle ACL reconstruction (ASBR) group and 40 patients were included in the RFTR group. The
evaluation items were knee stability, Lysholm knee score, IKDC subjective score at 2 years after surgery and bone
tunnel enlargement.

Results: The RFTR group had a larger femoral tunnel area (average area, 53.1 ± 4.0 mm2 vs. 46.1 ± 7.0 mm2; P <
0.01), better anteroposterior stability, and higher Lysholm scores than the ASBR group (average side-to-side
difference for anterior tibial translation, 0.6 ± 0.8 mm vs. 1.6 ± 1.4 mm; P < 0.01; average Lysholm score, 98.5 ± 2.1 vs.
97.5 ± 3.5; P < 0.01). Further, bone tunnel enlargement ratio was significantly lower in the RFTR group (73 ± 38% vs.
107 ± 41%; P < 0.01).

Conclusions: We designed and developed an original rounded rectangular dilator to perform a novel ACL surgery.
This technique can create a larger bone tunnel and improve clinical results than the conventional round anatomical
single-bundle ACL reconstruction.

Keywords: ACL reconstruction, Rounded rectangular bone tunnel, Anatomical reconstruction, Single‐bundle
reconstruction
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Background
In anterior cruciate ligament (ACL) reconstruction,
there is consensus regarding the creation of femoral and
tibial tunnels within the anatomical insertion area of the
ACL to obtain good clinical results [1]. There have been
various opinions on the ACL’s anatomy since the report
published by Girgis et al. in 1975 [2–5]. Recently, Smi-
gielski et al. reported that the ACL, including its femoral
and tibial insertions, appears to be flat and “ribbon-like”
after the removal of the synovial membrane [6]. After
this report, instead of double-bundle ACL reconstruc-
tion and the conventional single-bundle ACL recon-
struction, new anatomical single-bundle techniques
using a hamstring tendon (oval femoral tunnel [7] and
rectangular femoral tunnel [8]) have been developed and
reported. Observing the cross-sectional shape of the
quadrupled hamstring harvested at surgery, we felt that
it approximated an oval shape. To prove this, we per-
formed cross-sectional measurements of quadrupled
hamstring from fresh cadaveric knees. We realized that
the cross-sectional shape of the femoral insertion of the
quadrupled hamstring graft, which is used for anatom-
ical single-bundle ACL reconstruction, is oval, not round
[9]. It was revealed that single-bundle reconstruction
using a thin graft with a diameter of less than 8 mm in-
creases the incidence of repeat surgery [10, 11]. There-
fore, while the surgeon may have intended to create a

large bone tunnel, the region’s anatomical characteristics
mean that anatomical single-bundle ACL reconstruction
using a round drill cannot increase the size of the fem-
oral tunnel without roof impingement or breakage of the
posterior wall of the femoral condyle. The anatomy of
the ACL attachment, the cross-sectional shape of the
graft, and the mechanical characteristics of the tendon
led us to the idea of creating a rounded rectangular fem-
oral tunnel. Thus, we designed and developed an original
rounded rectangle tendon diameter tester and a dilator
for the new anatomical single-bundle ACL reconstruc-
tion in 2012 (Fig. 1). In 2016, we reported that this tech-
nique – “rounded rectangular femoral tunnel ACLR”
(RFTR) – did not involve serious intraoperative compli-
cations and was easy and reproducible [12]. The concept
of this technique is to create a femoral tunnel parallel to
the lateral intercondylar ridge and reconstruct the ten-
don–bone junction in a straight manner to mimic the
normal anatomy. In addition to the safety and accuracy
of this technique, we also investigated the gap between
the tendon and the bone tunnel using a fresh cadaveric
study and demonstrated that this gap was smaller than
that of the conventional round bone tunnel [13]. Based
on this, we realized that this technique can accommo-
date a large graft without roof impingement with good
clinical results. We report the clinical results of this
technique 2 years after ACL reconstruction.

Fig. 1 Rounded rectangle dilator and sizing book set. This set includes 4 types from 6 × 9 mm to 6 × 12 mm
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This study was conducted to compare clinical results
between the RFTR and the conventional round femoral
tunnel technique in ACL reconstruction using a ham-
string tendon. The hypothesis was that ACL reconstruc-
tion performed using the rounded rectangular dilator
technique was better than that performed using the con-
ventional round femoral tunnel technique in terms of
clinical results and bone tunnel enlargement.

Methods
In this retrospective study, written informed consent
was obtained from all patients included. This study de-
sign was reviewed and approved by Kanazawa University
Medical Ethics Review Committee (approval No. 1842).
The subjects included in the study were selected from

a group of patients who underwent ACL reconstruction
in our hospital between April 2011 and March 2016.
Diagnosis of ACL injury was made depending on a his-
tory of knee injury and the results of the Lachman and
pivot shift tests, as well as a side-to-side difference of
more than 3 mm measured using the KT-1000 arthrom-
eter (MeDmetric, San Diego, CA). All patients under-
went magnetic resonance imaging to confirm the
diagnosis of ACL tear. All procedures were conducted
by a single surgeon. The inclusion criteria were as fol-
lows: individuals who were aged between 13 and 60
years, who had an acute isolated ACL tear within
6 months after injury, with no history of knee surgery,
and who underwent single-bundle ACL reconstruction
with a hamstring tendon autograft. The exclusion cri-
teria were as follows: patients who had an Outerbridge
classification [14] of cartilage injury of greater severity
than grade II and underwent meniscal repair with the
inside-out technique.
Forty-eight patients admitted between April 2011 and

March 2013 were assigned to the conventional anatom-
ical single-bundle ACL reconstruction (ASBR) group

and 50 patients admitted between June 2013 and March
2016, whose age and sex matched those of the ASBR
group, were categorized as the RFTR group. Eighteen
patients were excluded from this study. In the ASBR
group, four patients underwent meniscal repair using
the inside-out technique. In the RFTR group, one patient
had grade III cartilage injury and six patients underwent
meniscal repair using the inside-out technique. Four pa-
tients in the ASBR group and 3 patients in the RFTR
group were lost to follow-up. Therefore, of the
remaining 80 patients, 40 were included in the ASBR
group and 40 were included in the RFTR group. No sig-
nificant differences were detected between the two
groups with regard to demographic characteristics
(Table 1).

Surgical technique
We performed ACL reconstruction under general
anesthesia with nerve block. The semitendinosus tendon
was harvested using an open tendon stripper. When the
fourfold semitendinosus graft size was less than 6 ×
9 mm or 7 mm, we harvested the gracilis tendon.

Femoral tunnel
The femoral tunnel was created before the tibial tunnel
through an additional low anteromedial portal. Using
the lateral intercondylar ridge as an anatomical land-
mark, a mark was made at the center of the femoral in-
sertion. With the knee in full flexion, a RetroButton
Drill Pin (Arthrex, Naples, FL) was inserted through the
low anteromedial portal, penetrating the lateral side of
the thigh, to create a femoral tunnel of 3.5-mm diam-
eter, and a reamer (7–9 mm) was used to create the con-
ventional round tunnel at 15-mm depth (Fig. 2). To
create the rounded rectangular femoral tunnel, we
drilled to a length of 15 mm using a 6-mm drill tip
through a RetroButton Drill Pin. Subsequently, we used
the original rounded rectangle dilators, which are avail-
able in various sizes. In all cases, we dilated the entire
15 mm of the femoral tunnel (Fig. 2).

Tibial tunnel
The tibial tunnel was drilled with a tibial guide set at a
50° angle, and the tip of the aimer was positioned to be
3–4 mm anterior to the posterior border of the anterior
horn of the lateral meniscus, and directly anteromedial
to the center of the tibial attachment of the ACL. The
tunnel was then drilled according to the diameter of the
graft with a conventional drill bit in both groups.

Graft fixation
The graft was inserted through the tibial tunnel and was
looped over a TightRope (Arthrex) for femoral fixation.
After the button was flipped, the graft was manually

Table 1 Patients’ demographic data

RFTR (40) ASBR (40) P value

Age (years) 24.8 ± 11.1 25.3 ± 10.0 0.806

Sex M 15, F 25 M 15, F 25 1

Height(cm) 163.8 ± 8.8 162.2 ± 7.2 0.806

Body weight(kg) 60.8 ± 11.9 58.4 ± 9.3 0.296

Injury-surgery interval (weeks) 12.0 ± 6.6 11.0 ± 6.5 0.521

Medial meniscus tear 6 7

Partial meniscectomy 0 1

All inside meniscal repair 6 6

Lateral meniscus tear 10 11

Partial meniscectomy 3 5

All inside meniscal repair 7 6

Values were expressed as mean ±standard deviation
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pulled backwards and the joint was moved several times
through the full range of motion. The other end of the graft
was fixed using a Double Spike Plate (Smith and Nephew,
Andover, MA) and a screw, and the initial graft tension was
set to 40 N at 20° of knee flexion in both groups.

Postoperative rehabilitation
Full weight bearing and walking, depending on pain, were
allowed from the day after the surgery. A physical therap-
ist performed range of motion training on the day after

the surgery. The subjects wore an extension brace for 1
week after the surgery and attached the soft brace for the
subsequent 4 months. The subjects walked using crutches
for 1 month, started jogging 3 months after the surgery,
started running 5 months after the surgery, and returned
to sports activities at least 6 months after the surgery.

Clinical evaluations
An independent orthopedic surgeon performed all clin-
ical evaluations at 2 years after the surgery. For the

Fig. 2 Postoperative 3DCT image. Left: Conventional anatomical single-bundle ACL reconstruction. Femoral bone tunnel size is 8 mm. Right:
Rounded rectangular femoral tunnel ACL reconstruction. Femoral bone tunnel size is 6 × 10 mm

Fig. 3 Representative case. Bone tunnel area was calculated using a 2-mm-deep slice parallel to the femoral bone tunnel opening within the
intercondylar wall of the lateral condyle. In this case, 1 week postoperative CT scan of the RFTR group, the bone tunnel area was 58.1 mm2
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evaluation of knee stability, the anterior laxity of the
normal and reconstructed knees was measured with the
KT-1000 arthrometer. Differences between both knees
were calculated. At least three measurements were per-
formed on each knee, and the mean value was recorded.
Passive knee range of motion was measured with a goni-
ometer and compared with that of the contralateral
knee. The pivot-shift test was performed manually and
graded as 0 (negative), 1 (glide), 2 (clunk), and 3 (gross).
All subjects were asked to complete self-reported knee
function surveys, including the Lysholm knee score [15]
and the International Knee Documentation Committee
(IKDC) questionnaire [16]. To calculate bone tunnel en-
largement, we compared computed tomography (CT)
images taken at 1 week after the surgery with those
taken at 3 months after the surgery. We identified the
slice of the femoral opening using the AquarisNET (Ter-
aRecon Inc., Foster City, CA) program, made a cross-
sectional slice of 2-mm depth near the opening of the
bone tunnels, and measured the femoral bone tunnel
area. We traced the tunnel wall within the sclerotic bony
margin and measured the tunnel area that was sur-
rounded by trace lines (Fig. 3). Measured tunnel areas
were compared within each period, and the bone tunnel
enlargement ratio was calculated according to the fol-
lowing equation: bone tunnel enlargement ration (%) =
(tunnel area 3 months after surgery – tunnel area 1 week
after surgery) / tunnel area 1 week after surgery × 100.

Statistical analysis
All data were analyzed using SPSS 23.0 (IBM SPSS Statis-
tics 23). For continuous and normally distributed data, Stu-
dent’s t-test was applied to determine significant differences
between both groups. The Pearson chi-square test was

performed to compare dichotomous variables. The signifi-
cance level was set at 0.05 (two-sided) with a 95% confi-
dence interval. Sample size was calculated using G-Power
3.1 (effect size 0.8, α-error 0.05, and target power 0.95) and
a minimum of 35 subjects per group was recommended.

Results
The RFTR group had a larger femoral tunnel area than
the ASBR group (average area, 53.1 ± 4.0 mm2 vs. 46.1 ±
7.0 mm2; P < 0.01). The RFTR group had better antero-
posterior stability and higher Lysholm scores than the
ASBR group (average side-to-side difference for anterior
tibial translation, 0.6 ± 0.8 mm vs. 1.6 ± 1.4 mm; P < 0.01;
average Lysholm score, 98.5 ± 2.1 vs. 97.5 ± 3.5; P < 0.01).
Differences in rotational laxity between the groups were
significant (negative pivot shift, 94.3% vs. 92.3%; P <
0.01). No significant difference was noted in the IKDC
subjective score between the two groups. The RFTR
group had significantly larger femoral bone tunnels im-
mediately after surgery; however, no significant differ-
ences were observed in bone tunnel area on the 3-
month postoperative CT (106.2 ± 23.8 mm2 vs. 102.1 ±
24.8 mm2; p = 0.264). The bone tunnel enlargement ratio
was significantly lower in the RFTR group (73 ± 38% vs.
107 ± 41%; P < 0.01) (Table 2). No surgical site infections
were detected in both groups. Two patients experienced
partial posterior tunnel wall blowout; we were able to fix
the graft using the standard technique. No other intra-
operative/postoperative complications were observed.

Discussion
The most important finding of this study is that we suc-
cessfully designed and developed an original rounded

Table 2 Comparison of the clinical results

RFTR (40) ASBR (40) P value

Graft (STG, ST) 16, 24 16, 24 1

Femoral tunnel size (mm) 6 × 9: 5 7: 16

6 × 10: 25 8: 22

6 × 11: 9 9: 2

6 × 12: 1

Femoral tunnel area (mm2) 53.1 ± 4.0 46.1 ± 7.0 < 0.01

Anteroposterior knee laxity (mm) 0.6 ± 0.8 1.6 ± 1.4 < 0.01

Negative pivot shift (%) 92.3 82.5 < 0.01

Lysholm score 98.5 ± 2.1 97.5 ± 3.5 < 0.01

IKDC subjective score 94.3 ± 6.7 92.3 ± 11.2 0.293

Femoral tunnel area 1 week after surgery (mm2) 69.8 ± 18.3 55.3 ± 18.6 < 0.01

Femoral tunnel area 3 months after surgery (mm2) 106.2 ± 23.8 102.1 ± 24.8 0.026

Bone tunnel enlargement ratio (%) 73 ± 38% 107 ± 41 < 0.01

Values were expressed as mean ± standard deviation and evaluated using Student’s t test
ST Semitendinosis, G Gracilis
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rectangular dilator to perform a novel anatomical single-
bundle ACL reconstruction. This technique created a
larger bone tunnel and achieved clinical results superior
to those obtained using the conventional round anatom-
ical single-bundle ACL reconstruction.
In recent years, both single-bundle and double-bundle

techniques have been commonly used in ACL recon-
struction. Several studies have reported that the double-
bundle technique of ACL reconstruction could restore
knee stability and kinematics to levels closer to those of
the native knee than the conventional round single-
bundle technique [17–19]. However, there remain con-
cerns regarding the double-bundle technique. One con-
cern is the need to drill four independent tunnels, which
doubles the risk of incorrect tunnel placement, and sev-
eral authors have reported significant tunnel widening
after double-bundle ACL reconstruction [20]. In
addition, tunnel coalition occurs in double-bundle ACL
reconstruction (femoral tunnel 5.1–19%, tibial tunnel
27-56.4% [21–23]), and this influences knee stability and
clinical results [24]. Furthermore, double-bundle ACL
reconstruction requires longer operative time and cre-
ates more extensive bone loss, thereby potentially in-
creasing the difficulty of revision surgery. Thus,
attention has been turned toward single-bundle recon-
struction with grafts that are placed at the center of the
anatomical footprint. Biomechanical studies have shown
that double-bundle reconstruction might not have sig-
nificant advantages over anatomical single-bundle recon-
struction [25]. Additionally, the clinical results of a
previous study and a meta-analysis demonstrate no sig-
nificance difference between anatomical double-bundle
and single-bundle ACL reconstructions at the 5-year
mid-term follow-up [26, 27]. However, in this study, the
clinical outcomes of single-bundle ACL reconstruction
using a round bone tunnel tended to be poor when the
graft was 7 mm. This result is supported by several stud-
ies in the literature [10, 11]. Currently, the diameter of
the graft is not less than 8 mm, we used 6 × 10 mm as
the minimum size, and if smaller, we added the gracilis
tendon and reconstructed it [28] (Table 3). Our tech-
nique not only enables anatomical reconstruction with a
thick tendon graft but also creates a femoral bone tunnel

using a dilator, which increases the CT value of the tun-
nel walls and reduces bone tunnel enlargement [29].
In this technique, the tibial tunnel forms a round

shape. Based on anatomical knowledge, it may be ideal
to make the tibial tunnel into a rounded rectangle or C-
shape [7, 30]. The shape of the tibial bone tunnel has to
be changed if the lateral anterior meniscus is damaged,
and this would lead to poor clinical results due to the
round bone tunnel. In our clinical study, partial lateral
meniscus anterior root injury during this technique oc-
curred in 18% of patients and no patient experienced lat-
eral meniscal extrusion. It is important to keep the
surgery as simple and reproducible as possible. We plan
to continue mid-term and long-term follow-up.
Wen et al. reported four theories to explain the advan-

tage of the oval femoral tunnel technique [8]. First, an
oval femoral tunnel provides a larger surface area for
better blood supply from the adjacent cancellous bone
surrounding the femoral tunnel. Second, an oval femoral
tunnel closely resembles ACL anatomic insertions and
restores natural ACL morphology. Third, the grafts used
in an oval femoral tunnel should not easily rotate, and
this is advantageous for tendon bone healing. Fourth,
using the dilator technique, which ensures maximum
preservation of the cancellous bone, leads to better
mechanical stability [8]. Zhao et al. reported that a flat-
tened bone tunnel accelerated tendon bone healing in
the early period after ACL reconstruction in a rabbit
model [31]. These theories apply to our technique.
This study has two important limitations. One of the

limitations of this study is that it was retrospective study
and the surgical technique used differed according to
the study period; therefore, the study was not random-
ized and blinded. However, all clinical evaluations were
performed by an independent orthopedic surgeon, and
evaluation of the CT scans was performed by an ortho-
pedic surgeon who was blinded to the clinical outcomes.
In the future, prospective randomized controlled trials
are needed. Second, the postoperative follow-up period
was only 2 years and did not account for short- and
long-term follow-up. Further research is needed to de-
termine such as osteoarthritis and other possible
complications.

Conclusions
We designed and developed an original rounded rect-
angular dilator to perform a novel ACL operation. This
technique can create a larger bone tunnel and achieve
superior clinical results than the conventional round
anatomical single-bundle ACL reconstruction.
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ACL: Anterior cruciate ligament; RFTR: Rounded rectangular femoral tunnel
ACL reconstruction; ASBR: Conventional anatomical single-bundle ACL

Table 3 Area of the round and rounded rectangular bone
tunnel
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